The authors conducted a nested case-control study of serum steroid concentrations and risk of benign prostatic hyperplasia (BPH), using data from the placebo arm of the Prostate Cancer Prevention Trial (1993Trial ( -2003. Incident BPH over 7 years (n ¼ 708) was defined as receipt of treatment, a report of 2 International Prostate Symptom Score (IPSS) values greater than 14, or 2 increases of 5 or more from baseline IPSS values with at least 1 value greater than or equal to 12. Controls (n ¼ 709) were selected from men who reported no BPH treatment or any IPSS greater than 7. Baseline serum was analyzed for testosterone, estradiol, estrone, 5a-androstane-3a, 17b-diolglucuronide, and sex hormone-binding globulin. Covariate-adjusted odds ratios contrasting the highest quartiles with the lowest quartiles of testosterone, estradiol, and testosterone:17b-diol-glucuronide ratio were 0.64 (95% confidence interval (CI): 0.43, 0.95; P trend ¼ 0.04), 0.72 (95% CI: 0.53, 0.98; P trend ¼ 0.09), and 0.64 (95% CI: 0.46, 0.89; P trend ¼ 0.004), respectively. Findings did not differ by age, body mass index, time to BPH endpoint, or type of BPH endpoint. High testosterone levels, estradiol levels, and testosterone:17b-diol-glucuronide ratio are associated with reduced BPH risk, which may reflect decreased activity of 5-a-reductase. Genetic or environmental factors that affect the activity of 5-a-reductase may be important in the development of symptomatic BPH. gonadal steroid hormones; prostatic hyperplasia Abbreviations: BPH, benign prostatic hyperplasia; CI, confidence interval; IPSS, International Prostate Symptom Score; OR, odds ratio; SHBG, sex hormone-binding globulin.
Benign prostatic hyperplasia (BPH) is one of the most common medical conditions in older men (1, 2) . Although the pathogenesis of BPH is not well understood, it is probably linked to age-related changes in hormonal and other growth-regulatory factors that affect prostate growth (3) . Testosterone and estrogens play important roles in prostate growth and function, and many scientists have hypothesized that the slow decline in serum testosterone levels or the decreasing ratio of testosterone to estrogen that begins in midlife are factors in BPH pathogenesis. It is also possible that the activity of 5-a-reductase, which reduces testosterone to its highly active metabolite dihydrotestosterone in prostate tissues, plays a role in BPH pathogenesis, given that 5-a-reductase inhibitors are effective for both the treatment and prevention of symptomatic BPH (4, 5) . Studies of serum steroids and BPH risk have yielded inconsistent results, which is not surprising given that most studies have been cross-sectional and very small and have not controlled for critical covariates such as age.
Here we give results of a nested case-control study examining the risk of incident, symptomatic BPH among men participating in the Prostate Cancer Prevention Trial. Data from the Prostate Cancer Prevention Trial include rigorous assessment of both the symptoms and treatment of BPH; extensive information on anthropometric, dietary, and other factors that may affect BPH risk; and assays of serum testosterone, estrone, estradiol, 5-a-androstane-3a, 17b-diol-glucuronide (an indirect measure of dihydrotestosterone formation), and sex hormone-binding globulin (SHBG) . In this report, we examine whether concentrations of these steroids and SHBG affect the risk of incident, symptomatic BPH in a population of healthy men aged 55 years or older.
MATERIALS AND METHODS
Data were from the Prostate Cancer Prevention Trial, a US randomized, placebo-controlled trial (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) testing whether finasteride, a 5-a-reductase inhibitor, could reduce the 7-year period prevalence of prostate cancer. The study design and participant characteristics have been described in detail previously (4) . Briefly, 18,880 men aged 55 years or older with a normal digital rectal examination and a prostate-specific antigen level of 3 ng/mL or below, as well as no history of prostate cancer or other clinically significant coexisting conditions and no severe BPH symptoms (defined as an International Prostate Symptom Score (IPSS) (6) of 20 or higher), were randomized to receive finasteride (5 mg/day) or placebo.
Participants for this nested case-control study were drawn from the 9,457 men randomized to the placebo arm of the Prostate Cancer Prevention Trial. Exclusion criteria for these analyses included men who, at baseline, had undergone medical or surgical treatment for BPH (n ¼ 701), had a self-reported history of BPH (n ¼ 1,904), or had an IPSS greater than 7 (n ¼ 1,820). In addition, men using steroid hormones at any time during the study (n ¼ 61) were excluded. This left 4,971 men eligible for the study.
Extensive medical data, including physician diagnosis of and treatment for BPH, prostatitis, diabetes, cardiovascular disease, and cancer, were collected at the baseline clinic visit, at each annual and 6-month clinic visit, and at every 3-and 9-month phone contact between scheduled clinic visits. At recruitment, randomization, and each annual follow-up clinic visit, participants completed the 7-item IPSS questionnaire as a self-administered questionnaire. Clinic staff measured height and weight at recruitment. Data on age, race/ethnicity, education, physical activity, alcohol consumption, and history of smoking were collected at baseline using self-administered questionnaires.
Definition of BPH cases and controls
Incident BPH was defined either as a report of treatment or the development of significant lower urinary tract symptoms. Treatments included use of a-blockers, finasteride, or any surgical intervention (transurethral prostatectomy, balloon dilation, or laser prostatectomy). Development of significant symptoms was defined as either 1) 2 IPSS values greater than 14 or 2) 2 IPSS values at least 5 units higher than baseline with at least 1 score greater than or equal to 12. The latter definition is a more conservative version of the definition of BPH progression used in the Medical Therapy of Prostatic Symptoms Trial (7), in which a single increase of 4 was used to define significant, clinical progression. There were 727 incident BPH cases in total, of which 322 were due to medical or surgical treatment, 105 were due to 2 IPSS values greater than 14, and 300 were due to a substantial increase in symptoms from baseline. Men who reported transient elevations in IPSS or a physician diagnosis of BPH in the absence of symptoms or treatment were not included as cases.
Controls were drawn from the 1,497 men who, during 7 years of observation, had no more than 2 missing IPSS values, no single IPSS greater than 7, no surgical or medical treatment for BPH, and no report of a physician diagnosis of BPH. These criteria deliberately excluded men with mildto-moderate symptoms and yielded a control group with a definitive absence of BPH symptoms. From this sample, we selected all men aged 70 years or over and all non-Caucasian men. The remaining controls were randomly selected in order to obtain a total control sample (n ¼ 727) that was frequencymatched to the age distribution (in 5-year age groups) of cases. Blood samples were drawn at screening (approximately 3 months prior to randomization) into a 7-mL ethylenediaminetetraacetic acid Vacutainer tube (Becton, Dickinson and Company, Franklin Lakes, New Jersey) and shipped via overnight express to a central storage facility, where they were centrifuged, aliquoted, and stored at À70°C until they were analyzed in the laboratories of Dr. Frank Stanzyk at the University of Southern California (Los Angeles, California). Levels of serum testosterone, estrone, and estradiol were determined by radioimmunoassay after organic extraction and chromatography on Celite (Celite Corporation, Santa Barbara, California) columns. Serum albumin concentration was measured using a Roche Cobas Centrifugal Chemistry Analyzer (Hoffman-La Roche, Indianapolis, Indiana). SHBG was measured with a competitive radioimmunoassay using DSL double antibody kits (Diagnostic Systems Laboratories, Inc., Webster, Texas), and 17b-diol-glucuronide was measured with a competitive radioimmunoassay using DSL double antibody kits. Bioavailable testosterone and estradiol were calculated using concentrations of albumin and SHBG according to the methods of Södergard et al. (8) . Serum was not available from 37 men. This left data from 708 cases and 709 controls available for analysis.
Statistical methods
Descriptive statistics were used to characterize the study sample and generate distributions of steroid hormone concentrations in cases and controls. In addition, we examined the ratio of testosterone to estradiol as an indicator of the relative amounts of these hormones, which both affect prostate growth, and the ratio of testosterone to 17b-diolglucuronide as an indicator of the relative amount of conversion of testosterone to dihydrotestosterone. Serum concentrations of steroids were categorized into quartiles based on the distribution in the controls, and unconditional logistic regression was used to calculate odds ratios and their 95% confidence intervals for risk of BPH. Logistic regression models were adjusted for cigarette smoking (current smoker vs. not a current smoker) plus covariates associated with BPH risk in this cohort, including age at baseline (continuous), body mass index (weight (kg)/height (m) 2 ; continuous), race (African-American, white, other), alcoholic beverage consumption (drinks per month: <1, 1-3, 4-27, 28-55, or !56), and level of insulin-like growth factor binding protein 3 (model 1). Model 2 also controlled for SHBG, and model 3 also controlled for SHBG plus other steroids. Tests for linear trend across the quartiles were performed by using an ordinal variable corresponding to rank from the lowest category to the highest, as described by Breslow and Day (9) . All P values were 2-sided and were considered statistically significant at P < 0.05.
RESULTS
Distributions of age, race, body mass index, and smoking were similar in cases and controls (Table 1) . Participants were mostly white, overweight or obese, and nonsmokers. Mean age was 63.4 years (standard deviation, 5.5), and mean body mass index was 27.6 (standard deviation, 4.1). Baseline IPSS was significantly higher and alcoholic beverage consumption was significantly lower in cases than in controls. Table 2 gives mean values and quartile distributions of steroid concentrations in cases and controls. With the exception of 17b-diol-glucuronide, all mean steroid concentrations were lower in cases. Differences between cases and controls were statistically significant for testosterone (À5.3%), bioavailable testosterone (À5.2%), estradiol (À3.3%), and 17b-diol-glucuronide (þ6.0%). The mean testosterone:17b-diol-glucuronide ratio was also significantly lower (À7.5%) in cases than in controls. There were no differences in bioavailable estradiol, SHBG, or testosterone:estradiol between cases and controls. Table 3 gives adjusted odds ratios for risk of BPH associated with serum steroid concentrations. In models controlled for covariates (model 1) and covariates plus SHBG (model 2), men in the highest quartile of serum testosterone level had a significantly reduced risk of BPH, with no evidence of a dose-response association. In a post-hoc analysis using quartiles 1-3 as the contrast group, high testosterone controlled for SHBG (model 2) was associated with a 37% (95% confidence interval (CI): 54, 15; P ¼ 0.003) reduced BPH risk. Results were similar though not as strong for bioavailable testosterone. Men with estradiol levels above the lowest quartile had a significantly reduced risk of BPH, with no evidence of a dose-response association. In post-hoc analyses contrasting quartile 1 with quartiles 2-4, high estradiol controlled for SHBG (model 2) was associated with a 26% (95% CI: 43, 7; P ¼ 0.02) lower BPH risk. Results for bioavailable estradiol were similar but not as strong. Mutual adjustment of testosterone and estradiol had little effect on these results (model 3). There were no associations of estrone or SHBG with risk; however, when results were controlled for testosterone (model 3), there was a linear and positive association of 17b-diol-glucuronide with BPH risk. The linear and inverse association of testosterone:17b-diolglucuronide ratio with BPH risk was strong and highly statistically significant (P < 0.002); on average, risk of BPH decreased 14% (95% CI: 23, 5; P ¼ 0.004) for each quartile of increasing testosterone:17b-diol-glucuronide ratio.
Multiple dietary factors, including percentages of energy derived from protein and fat and servings per week of vegetables and red meat, were associated with BPH risk in this cohort (10) . We therefore completed analyses in the subset of 612 cases and 638 controls with dietary data. Associations of steroids with BPH were generally stronger in this subset of men, most notably for 17b-diol-glucuronide controlled for testosterone (model 3) (odds ratio (OR) ¼ 1.55, 95% CI: 1.11, 2.16; P trend ¼ 0.01) and for testosterone:17b-diol-glucuronide ratio controlled for SHBG (model 2) (OR ¼ 0.56, 95% CI: 0.39, 0.79; P trend ¼ 0.0004). However, control for dietary factors associated with BPH risk had no effect on these associations.
We conducted several analyses to explore possible effect modification. Associations of steroids with BPH risk differed very little across strata defined by time from baseline to BPH (<4 years vs. !4 years), type of BPH endpoint (treatment or multiple IPSS values >14 vs. an increase of !5 from baseline IPSS), age (<65 years vs. !65 years), and body mass index (<25, 25-29, or !30) . Excluding the 8 men with diabetes at baseline (6 cases and 2 controls) did not affect study results. Control for baseline IPSS had only modest effects on the magnitude of associations between steroid hormones and BPH risk-for example, the contrasts of quartile 4 with quartile 1 for testosterone controlled for SHBG (model 2: OR ¼ 0.61, 95% CI: 0.40, 0.94; P trend ¼ 0.07) and estradiol controlled for SHBG (model 2: OR ¼ 0.67, 95% CI: 0.48, 0.94; P trend ¼ 0.07). For 17b-diol-glucuronide controlled for testosterone (model 3), the contrast of quartile 4 with quartile 1 was weaker than in Table 3 (OR ¼ 1.25, 95% CI: 0.90, 1.74; P trend ¼ 0.13), but for testosterone:17b-diol-glucuronide ratio controlled for SHBG (model 2), the association was almost identical (OR ¼ 0.66, 95% CI: 0.46, 0.93; P trend ¼ 0.05).
DISCUSSION
In this prospective study, we found several significant associations between serum steroid concentrations and incident BPH. The most consistent findings were linear doseresponse associations between higher 17b-diol-glucuronide levels controlled for testosterone and higher testosterone: 17b-diol-glucuronide ratio and reduced BPH risk. High serum testosterone and estradiol levels were also associated with lower BPH risk; however, there was no dose-response. In analyses based on quartiles (quartiles 1-4) of testosterone, BPH risk was lower only in quartile 4 (vs. quartiles 1-3); in analyses based on quartiles of estradiol, BPH risk was lower in quartiles 2-4 (vs. quartile 1). Associations of testosterone, estradiol, and testosterone:17b-diol-glucuronide ratio with BPH risk did not differ by age, body mass index, definition of BPH endpoint, or time between baseline and BPH endpoint.
The hypothesis that serum steroids, particularly high levels of testosterone and/or estradiol, are associated with BPH risk has been studied for over 30 years. The study designs have included cross-sectional studies contrasting men undergoing surgery for BPH with hospital controls (11-24); cross-sectional studies contrasting men with and without clinically defined BPH (25, 26) ; cross-sectional studies correlating lower urinary tract symptom severity or prostate size with steroid concentrations (27) (28) (29) (30) (31) (32) (33) (34) ; and a single prospective study on the risk for BPH surgery (35) . The majority of these studies were only marginally informative about whether or not steroid concentrations affect BPH risk, either because the sample sizes were very small (e.g., <75 BPH cases) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) 33) or because analyses were not adequately controlled for age (13-20, 23, 32, 33) . We therefore focus the discussion below on studies that we believe contribute reliable information on steroids and BPH risk.
In our study, both high serum testosterone levels and the ratio of testosterone to 17b-diol-glucuronide were associated with reduced BPH risk, which is consistent with much of the published literature. Two studies have found that high testosterone is associated with reduced lower urinary tract symptoms (27, 31) , and none have found high testosterone to be associated with increased risk. All studies that have examined the ratio of testosterone to 17b-diol-glucuronide (or dihydrotestosterone) have found that high levels of testosterone relative to 17b-diol-glucuronide are significantly associated with reduced risks of clinical BPH (25, 26) , lower urinary tract symptoms (29) , or surgical BPH treatment (21, 24) or with smaller prostate size (34) . While confirmation in additional larger studies is warranted, the consistency of these findings makes it reasonable to assume that high levels of testosterone relative to 17b-diol-glucuronide are predictive of reduced BPH risk.
We propose 2 alternative interpretations of our findings on testosterone and the testosterone:17b-diol-glucuronide ratio: 1) these steroids are mediating factors that explain associations of genetic or environmental characteristics with BPH risk or 2) these steroids are serving as nonspecific measures of aging. A strong argument can be made for the mediating factor hypothesis, specifically that the effects of reduced 5-a-reductase activity are mediated through decreased tissue dihydrotestosterone and reflected by an increase in the serum testosterone:17b-diol-glucuronide ratio. This is supported by the well-established effects of 5-areductase inhibitors, which include reduced prostate tissue dihydrotestosterone (36) , serum dihydrotestosterone (37) , and 17b-diol-glucuronide (38) levels and prostate size (4) and increased levels of serum testosterone (37) and estradiol (unpublished observation from the Prostate Cancer Prevention Trial). Thus, factors that reduce the activity of 5-areductase could be important determinants of BPH risk. There are known polymorphisms in the steroid 5-a-reductase type 2 (SRD5A2) gene, the gene that codes for the predominant 5-a-reductase in prostate, which affect enzyme activity (39) . Few investigators have examined variants in SRD5A2 and BPH risk; in 2 studies, researchers found no associations (40, 41) , in 1 they reported that the LL genotype of the V89L variant was associated with increased BPH risk in Hispanic men (42) , and in 1 they reported an association of the same genotype with increased prostate volume (43) . Whether behavioral or environmental factors affect 5-a-reductase is unknown; however, the prospect is reasonable (44) . An equally strong argument can be made for an alternative interpretation that lower testosterone is simply a nonspecific indicator of aging. In our study sample of men without BPH at baseline, testosterone levels did not differ by age, which is in contrast both to what we have observed in the Prostate Cancer Prevention Trial population overall and to what we would expect based on the well-established decline in serum testosterone associated with aging (45) . There is some evidence that declines in serum testosterone are greater in men who develop clinical conditions associated with aging, such as diabetes and obesity (46) . Thus, older men without BPH may be men who are less affected by aging generally, which is reflected by a sustained serum testosterone level. Further research to identify genetic and environmental factors that affect both BPH and 5-a-reductase activity would be helpful in determining whether testosterone and the testosterone: 17b-diol-glucuronide ratio are mediators or noncausal consequences of factors that affect BPH pathogenesis.
Whether or not there is a relation of estrogens with BPH risk remains uncertain. Gann et al. (35) reported a positive association between estradiol and incident BPH surgery but only among men with low testosterone and only after controlling for estrone, which suggests that the strong collinearity of estrone and estradiol may have yielded an unstable statistical model. Rohrmann et al. (29) reported a positive association of estradiol with lower urinary tract symptoms. In contrast, both we and others (26, 27) found that estradiol was significantly and negatively associated with BPH. The prostate expresses both estrogen receptor b (in epithelium, where it inhibits growth) and estrogen receptor a (in stroma, where it promotes growth). There is little evidence that estrogen receptor a has a role in BPH (47) , and thus a growth-inhibitory effect of estradiol could be consistent with reduced BPH risk. It is also possible that a high estradiol level simply reflects a high testosterone level, because Abbreviations: CI, confidence interval; OR, odds ratio; Q, quartile. a Results were adjusted for age at baseline, race, body mass index, smoking status, alcohol consumption, and insulin-like growth factor binding protein 3.
b Results were additionally adjusted for sex hormone-binding globulin. c Results were additionally adjusted for estradiol (for testosterone) or testosterone (for estrone, estradiol, and 3-a-diol glucaronide).
estradiol in older men is almost exclusively formed by aromatization of testosterone. This picture is further complicated by observations in the Prostate Cancer Prevention Trial (48) and other studies (49) (50) (51) that abdominal obesity is a risk factor for BPH, because abdominal obesity also increases estradiol levels. Additional studies of the effects of estradiol on BPH pathogenesis are needed.
We examined whether insulin-like growth factors were mediators or confounders of the associations between steroids and BPH risk. This is because insulin-like growth factor binding protein 3 has been found to be associated with reduced BPH risk (52) and because there are complex, although not entirely consistent, associations among insulinlike growth factors, insulin, testosterone, and androgen receptor activation (53) (54) (55) (56) . Nevertheless, the associations of insulin-like growth factor binding protein 3, insulin-like growth factor 1, and steroids with BPH risk were unchanged when all of them were included in statistical models. We also examined whether associations of dietary patterns and obesity with BPH risk were mediated by serum steroids. This is because the diet-related measures associated with increased risk of BPH, including total fat, red meat, and obesity (10, 48) , are also associated with increased levels of estradiol and decreased levels of testosterone (57, 58) . For reasons that are not clear, associations of steroids were somewhat stronger in the subset of men with dietary data; however, associations of dietary factors and steroids with BPH risk were unchanged when all of them were included in statistical models. On the basis of these results, our observed associations of steroids with BPH risk are independent of diet, obesity, insulin-like growth factor 1, and insulin-like growth factor binding protein 3.
The unique strength of this analysis is that it was prospective. Men with a history of BPH were excluded and, at the time of the baseline blood drawing, men were free of BPH symptoms. Cross-sectional or case-control studies of BPH and steroid hormones are problematic, because it is plausible that differences in serum steroids, especially higher levels of 17b-diol-glucuronide, are due to and not the cause of prostate enlargement. In addition, this study reflects both lower urinary tract symptoms and all current BPH treatments; many previous studies used BPH surgery alone as an endpoint, which may have biased the results, because this definition cannot separate factors associated with surgical treatment (e.g., health insurance, age, comorbidity) from those that predict severe BPH.
This study had several important limitations. The definition of BPH by severe lower urinary tract symptoms is not specific, as symptoms such as urgency can be related to bladder conditions and not prostate enlargement (59) . There is little agreement about the best definition of BPH for large epidemiologic studies, and we chose a definition based on treatment or symptoms collected by standardized and validated questionnaire. Our definition did not include clinical measures of BPH-for example, prostate size or urinary flow. We did have measures of prostate size based on ultrasonography, but only in the subset of 260 cases and 214 controls who completed end-of-study biopsies. In these men, mean prostate size in cases was significantly larger than that in controls (37.5 cm 3 vs. 33.6 cm 3 ; P < 0.0001). We limited our study to men with no significant lower urinary tract symptoms at baseline, and we considered as controls only men who were free of significant lower urinary tract symptoms through the 7-year trial, because we judged that this would yield the clearest contrast between BPH cases and noncases. We could have included as an additional study group men who developed intermediate lower urinary tract symptoms that were not sufficiently severe to meet the BPH definition; however, we felt this was not justified considering the fact that the Prostate Cancer Prevention Trial biorepository is a limited resource with many competing demands for baseline blood samples and the cost of serum steroid assays was high. Our study sample was not a representative sample of older men; they were all participants in a clinical trial, mostly Caucasian, and free of significant lower urinary tract symptoms at baseline. Finally, blood samples were nonfasting and were drawn at all times during the day, which would have introduced variability in steroid concentrations. However, this is unlikely to have introduced bias, because we have no reason to believe that the distribution of times of blood drawing differed markedly between cases and controls. In summary, we found no evidence that higher levels of testosterone or estradiol increase the risk of symptomatic BPH. To the contrary, we found that higher concentrations of testosterone relative to 17b-diol-glucuronide (measuring indirectly the conversion of testosterone to dihydrotestosterone in the prostate), as well as testosterone and estradiol, were associated with reduced risk. The consistency of findings on both 17b-diol-glucuronide controlled for testosterone and testosterone:17b-diol-glucuronide ratio with the published literature and the known effects of 5-a-reductase inhibitors suggests that either genetic or environmental factors that reduce the conversion of testosterone to dihydrotestosterone may reduce the risk of symptomatic BPH.
